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We analyze the direct excitation of wide one-dimensional spectra of nuclei with spin I = 1/2 or 1 in rotat-
ing solids submitted to pulse trains in the manner of Delays Alternating with Nutations for Tailored Exci-
tation (DANTE), either with one short rotor-synchronized pulse of duration sp in each of K rotor periods
ðDK1 Þ or with N interleaved equally spaced pulses sp in each rotor period, globally also extending over K
rotor periods ðDKNÞ. The excitation proﬁle of DKN scheme is a comb of rf-spikelets with NmR = N/TR spacing
from the carrier frequency, and a width of each spikelet inversely proportional to the length, KTR, of D
K
N
scheme. Since the individual pulse lengths, sp, are typically of a few hundreds of ns, DKN scheme can read-
ily excite spinning sidebands families covering several MHz, provided the rf carrier frequency is close
enough to the resonance frequency of one the spinning sidebands. If the difference of isotropic chemical
shifts between distinct chemical sites is less than about 1.35/(KTR), D
K
N scheme can excite the spinning
sidebands families of several sites. For nuclei with I = 1/2, if the homogeneous and inhomogeneous
decays of coherences during the DANTE sequence are neglected, the K pulses of a DK1 train have a linearly
cumulative effect, so that the total nutation angle is htot = K2pm1sp, where m1 is the rf-ﬁeld amplitude. This
allows obtaining nearly ideal 90 pulses for excitation or 180 rotations for inversion and refocusing
across wide MAS spectra comprising many spinning sidebands. If one uses interleaved DANTE trains
DKN with N > 1, only spinning sidebands separated by intervals of NmR with respect to the carrier frequency
are observed as if the effective spinning speed was NmR. The other sidebands have vanishing intensities
because of the cancellation of the N contributions with opposite signs. However, the intensities of the
remaining sidebands obey the same rules as in spectra obtained with mR. With increasing N, the intensi-
ties of the non-vanishing sidebands increase, but the total intensity integrated over all sidebands
decreases. Furthermore, the NK pulses in a DKN train do not have a simple cumulative effect and the opti-
mal cumulated ﬂip angle for optimal excitation, hopttot ¼ NK2pm1sp , exceeds 90. Such DKN pulse trains allow
achieving efﬁcient broadband excitation, but they are not recommended for broadband inversion or refo-
cusing as they cannot provide proper 180 rotations. Since DKN pulse trains with N > 1 are shorter than
basic DK1 sequences, they are useful for broadband excitation in samples with rapid homogeneous or inho-
mogeneous decay.
For nuclei with I = 1 (e.g., for 14N), the response to basic DK1 pulse train is moreover affected by inhomo-
geneous decay due to 2nd-order quadrupole interactions, since these are not of rank 2 and therefore can-
not be eliminated by spinning about the magic angle. For large quadrupole interactions, the signal decay
produced by second-order quadrupole interaction can be minimized by (i) reducing the length of DKN
pulse trains using N > 1, (ii) fast spinning, (iii) large rf-ﬁeld, and (iv) using high magnetic ﬁelds to reduce
the 2nd-order quadrupole interaction.
 2013 Elsevier Inc. All rights reserved.1. Introduction
In nuclear magnetic resonance (NMR) of solids, nuclear spins
with quantum number I are subject to several interactions, such
Fig. 1. Schemes for direct excitation of MAS spectra using DKN DANTE pulse
sequences with N = 1 (a), 2 (b), 3 (c), and 4 (d). Different shades of gray correspond
to the different DANTE trains.
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interactions for IP 1, hyperﬁne interactions with unpaired elec-
trons, or Knight shift produced by conduction electrons. In static
powders, the resulting spectra are broadened by the anisotropy
of these interactions which renders the frequency of the reso-
nances depending on the orientation of the crystallites with re-
spect to the static magnetic ﬁeld, B0. Usually, to average out
these anisotropic terms, and thus to enhance the spectral resolu-
tion and the sensitivity, a rotation of the sample is performed
about an axis tilted at the magic angle (bRL = 54.7) with respect
to B0. When the spinning speed, mR, is much faster than all aniso-
tropic interactions, these are fully averaged to zero, so that the
spectrum reveals a single narrow isotropic center-band resonance
for each species (if J = 0). When the spinning speed is slower, spin-
ning sidebands are observed, which are separated by multiples of
mR from the center band. In particular, there are numerous systems,
in which the anisotropies of NMR interactions reach hundreds or
even thousands of kHz, and hence greatly exceed the fastest spin-
ning speeds that can be achieved (currently mR = 110 kHz) [1]. In
that case, MAS powder spectra feature numerous spinning side-
bands. Such wide spectra are encountered when: (i) the nuclei
are close either to unpaired electrons in paramagnetic samples
[2–12] or to conduction electrons in electrical conductors, (ii) the
nuclei are subject to large quadrupole interactions (I > 1/2)
[13–25], or (iii) their chemical shift anisotropy (CSA) is large,
particularly when the static magnetic ﬁeld is high [26,27].
Acquisition of such wide spectra is often challenging. Their sig-
nal-to-noise ratios (S/N) are low because the total integrated inten-
sity is spread over a broad spectral width. Furthermore, the breadth
of such spectra can exceed the detection bandwidth of the probe,
which prevents their acquisition in a single experiment. Even when
the spectrum does lie in the probe detection bandwidth, the radio-
frequency (rf) ﬁelds delivered by usual solid-state NMR probes are
often insufﬁcient to achieve efﬁcient and uniform excitation of
wide powder patterns, in particular for nuclei with low gyromag-
netic ratio. Furthermore, in the case of quadrupolar nuclei, the uni-
form excitation is rendered more difﬁcult by the intricate spin
dynamics in the presence of rf ﬁelds and sample rotation.
However, several solutions have been proposed to acquire these
ultra-wide-line NMR spectra [1]. The limited probe detection
bandwidth can be circumvented by: (i) reducing the quality factor
of the probe, at the expense of decreased sensitivity and/or (ii)
piecewise spectral acquisition [4,16,17,26]. Wide spectra can be
excited uniformly by short pulses, however at the expanse of a de-
crease in sensitivity [5]. Adiabatic pulses with controlled modula-
tion of rf ﬁeld amplitude and carrier frequency have been
demonstrated to increase the bandwidth of both excitation and
inversion pulses in Carr–Purcell–Meiboom–Gill (CPMG) sequence
under static conditions [18,19,27]. Under MAS, adiabatic pulses
have been employed for broadband inversion [6–8], but they re-
quire strong rf-amplitudes and they have not yet been demon-
strated for broadband excitation or refocusing.
In this context, trains of rotor-synchronized short rectangular
pulses in the manner of Delays Alternating with Nutation for Tai-
lored Excitation, DANTE [28,29], have been recently proposed as
an efﬁcient method for broadband excitation and inversion under
MAS [9,10,20,21,30]. This technique has been demonstrated for
the direct observation of spin-1/2 (1H and 19F) and spin-1 (6Li)
nuclei subject to paramagnetic interactions [9–11], as well as the
direct observation and indirect detection of spin-1 nuclei (14N)
subject to large quadrupole interactions [20,21]. Furthermore, we
have also recently introduced interleaved DANTE sequences com-
prising N > 1 pulses per rotor period [9,20,21]. These interleaved
DANTE schemes excite transverse magnetization within a shorter
time and are thus useful for wide MAS spectra with several differ-
ent species and/or submitted to large losses.DANTE scheme is a Janus-faced method, being able to achieve
both narrow- [14] and broad-band excitation for solids since its
excitation proﬁle is a comb of rf-spikelets with NmR spacing from
the carrier frequency [17]. Here, we focus on the application of
DANTE for broadband excitation, which is useful both for the 1D
direct acquisition of wide spectra or their indirect detection via
2D experiments. In 1D experiments, DANTE sequences are used
to manipulate families of sidebands spread over hundreds or thou-
sands of kHz. Such experiments can be achieved either by a single
DANTE scheme or a DANTE spin echo [18] to avoid phase distor-
tions related to probe dead time. The present article analyzes the
performances of basic and interleaved DANTE sequences for the
1D broadband observation of wide spectra. Using numerical simu-
lations, we demonstrate how the efﬁciency of DANTE sequences
can be improved and how their selectivity to offset can be tailored
in order to observe either a single family of sidebands or several
families corresponding to different isotropic chemical shifts. We
show how such efﬁciency enhancement and offset selectivity can
be optimized by an educated choice of individual pulse length, rf
ﬁeld amplitude, MAS frequency, total length of DANTE sequence,
and number N of pulses per rotor period. We examine in particular
the 1D direct excitation of spin-1/2 nuclei in paramagnetic samples
as well as that of spin-1 nuclei (14N).2. Sequences
A basic DANTE sequence applied to spinning samples consists of
a train of rotor-synchronized pulses, with one pulse per rotor per-
iod, TR = 1/mR. This sequence, called DK1 in the following, lasts KTR
(Fig. 1a). The pulses of the DK1 train have identical length, sp, ampli-
tude, m1, and phase. The DK1 train leads to one comb of rf spikelets,
all separated from the carrier frequency by multiple of mR. Globally,
the DK1 sequence requires a priori the optimization of four param-
eters: sp, m1, TR and K.
A DANTE-N sequence, referred to as DKN in the following, consists
of N > 1 interleaved basic DANTE trains with N equally spaced
pulses per rotor period (Fig. 1b–d). The length of DKN sequence is
identical to that of DK1 : KTR. The N interleaved D
K
1 trains lead to N
overlapping combs of rf spikelets, all separated from the carrier fre-
quency by multiples of the MAS frequency. Here, we use NDK1
trains with identical rf phase, amplitude, m1, and pulse length, sp.
These conditions ensure constructive interferences and the excita-
tion proﬁle of DKN sequence consists of a comb of rf spikelets occur-
ring at regular frequency intervals, NmR, with respect to the carrier
frequency [20]. Compared to DK1 , there is an additional adjustable
parameter in DKN sequence: the N value.
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sequence is the total ﬂip-angle on-resonance:
htotðÞ ¼ 360KNm1sp ð1ÞFig. 2. Simulated 1D MAS spectra of one isolated 19F site, at 18.8 T with mR = 60 kHz
and m1 = 29 kHz (a, c–f), excited by: (a) one rectangular resonant 90 pulse, (b) one
ideal 90 pulse, and (c–f) D14N sequences with N = 1 (c), 2 (d), 3 (e) and 4 (f). The pulse
length for each spectrum was optimized and is equal to sp (ls) = 8.60 (a), 0.62 (c),
0.38 (d), 0.31 (e), and 0.27 (f), which correspond to htot = 90, 90, 110, 135 and
160, respectively. These optimal conditions correspond to the crosses in Fig. 5a–d.
The intensities of the center-bands are indicated in the ﬁgure. Other simulations
parameters are given in Section 3.3. Simulation parameters
To rationalize the direct excitation of wide spectra by DANTE 1D
methods, the spin dynamics during these pulse sequences was cal-
culated using SIMPSON software [31]. Simulations were performed
in two cases, for which direct excitation with DANTE scheme has
been reported recently: 19F spin-1/2 nuclei in paramagnetic CeF3
sample [9], and 14N spin-1 nuclei in c-glycine [20,21]. The simula-
tions have been performed with the experimental parameters for
previously reported experiments: B0 = 18.8 T and mR = 60 or
62.5 kHz for 19F and 14N direct excitation experiments, respectively.
In CeF3, the 19F nuclei are subject to hyperﬁne couplings with
the unpaired electrons of the paramagnetic Ce3+ ions. The unpaired
electron longitudinal relaxation times are several orders of magni-
tude shorter than those of 19F nuclei. In this ‘Curie spin’ limit and
disregarding the anisotropy of bulk magnetic susceptibility (BMS)
[32], the hyperﬁne couplings can be described by shifts with zero-
and second-rank orientation dependences, which are formally
equivalent to isotropic chemical shift and chemical shift anisotropy
(CSA), respectively [6,33,34]. In CeF3, two distinct 19F sites have
been observed, and in the simulations we have used an anisotropic
de-shielding constant, daniso = 814 ppm, and an asymmetry
parameter, gCSA = 0.4, which correspond to the 19F species with
longest time constant ðT 02 ¼ 1:2 msÞ of transverse dephasing in spin
echo experiment [9].
The 14Nnuclei inc-glycine have a quadrupolar coupling constant
of CQ = 1.18 MHz, and an electric ﬁeld gradient (efg) asymmetry
parameter ofgQ = 0.5 [13,22,35]. However, in other samples, 14N nu-
clei can be subject to larger quadrupole interactions [14,23,24,36].
Hence, the direct excitation using DANTE was also simulated for a
single 14N site with CQ = 2.36 and 4.72 MHz that are twice and four
times as large as in c-glycine, while preserving gQ = 0.5.
In all the simulations (except in Fig. 3), the carrier frequency, mrf,
was set to coincide with the center-band, miso, resulting from: (i)
isotropic chemical shift, (ii) hyperﬁne coupling, (iii) quadrupolar
induced shift, and (iv) isotropic BMS [12]. For 14N nuclei, the
second-order quadrupolar induced shift is equal to
dQIS ¼ ðCQ=m0Þ2ð3þ g2Q Þ=32, where m0 is the 14N Larmor frequency
[37,38]. In Fig. 3, the position of carrier frequency was varied to
test the robustness to offset.
The powder averages were calculated using 615 {aPR, bPR} pairs
and 3 or 13 cPR angles. The {aPR, bPR, cPR} Euler angles describe the ori-
entation of principal axes system (P) of the interaction in the rotor-
ﬁxed frame (R). The {aPR, bPR} pairs were selected according to the
REPULSION algorithm [39], whereas the cPR angle was regularly
stepped from 0 to 360. Three cPR angles were sufﬁcient to calculate:
(i) the ﬁrst point of the free-inductiondecay (FID),which corresponds
to the projectionof thepowder-averageddensitymatrix, hr(t)i, at the
end of DANTE sequence onto the lowering operator, I = Ix  iIy, (ii)
the projection of hr(t)i during the DANTE sequence onto the three
components, Ix, Iy and Iz, of nuclear spin angular momentum, and
(iii) the norm of the powder averaged density matrix, khrðtÞik.
Conversely, owing to the Nyquist–Shannon sampling theorem, 13
cPR angles were required to describe correctly the spinning sideband
patterns. The projection onto the operators was calculated as
cðQÞ ¼ ðQ jhrðtÞiÞ ¼ TrðQ
yhrðtÞiÞ
TrðQ yQÞ ; ð2Þ
where Q = Ix, Iy, Iz or I. The FID corresponds to c(I) values during
the acquisition andkhrðtÞik ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c2ðIxÞ þ c2ðIyÞ þ c2ðIzÞ
q
; ð3Þ
for an isolated nucleus. The efﬁciency of DKN sequence is deﬁned as
IInorm ¼ cðI
;DKNÞ
cðI; ideal 90Þ ð4Þ
where cðI;DKNÞ and c(I, ideal 90) are the ﬁrst point of FID excited
either by DKN sequence or by an ideal inﬁnitely short 90 pulse.
4. Simulation results for 19F
4.1. Simulation of DKN
19F 1D MAS spectra
Fig. 2 shows simulated 1D MAS NMR spectra of 19F site excited
by a perfect 90 pulse (Fig. 2b), a rectangular single 90 pulse
(Fig. 2a) and optimized D14N sequences (N = 1–4, Fig. 2c–f) with
m1 = 29 kHz. The comparison of the spectra highlights that for a
given rf ﬁeld strength, the excitation bandwidth of D14N trains is
much broader than that of a single 90 pulse. These results are con-
sistent with previously reported simulations and experiments [9].
The broadband excitation virtue of DKN sequences stems from the
use of very short pulse length (see Section 4.2). It must also be
noted that spectra obtained with a perfect 90 pulse and a D141
sequence are quasi identical (compare Fig. 2b and c), despite the
weak rf-ﬁeld (m1 = 29 kHz) used in the second case.
The spectra of Fig. 2c–f excited by D14N sequences exhibit spin-
ning sidebands spaced by NmR since the excitation proﬁle of D14N
trains consists of a comb of spikelets occurring at regular frequency
intervals, NmR, with respect to the carrier frequency. However, the
envelopes of the D14N spectra are similar for N = 2, 3 and 4 to that of
the spectrum excited by an ideal 90 pulse. In a DKN spectrumwith a
full width of FW, the number of observable bands, NB, decreases
with increasing N value, and is approximately given by
NB  1þ FW=ðNmRÞ ð5Þ
FW is given by m0daniso(3 + gCSA)/2 for a shift anisotropy, and 3CQ/2
for spin-1 nucleus subject to quadrupole interaction. Hence, the
spectral resolution of the powder pattern envelope decreases for
increasing N value and an accurate determination of CSA parame-
ters by a ﬁt of the DKN spectra is not possible for too large N values.
Fig. 3. (a–d) Simulated intensity of the center-band of 19F DKN spectra as function of offset, at 18.8 T with mR = 60 kHz. Spectra have been excited by: (a) D
5
1, (b) D
5
2, (c) D
10
1 , and
(d) D102 ; with m1 = 227 (a, b) or 29 (c, d) kHz. sp (ns) = 220 (a), 110 (b), 862 (c), and 431 (d). (e) Envelope of the total excitation proﬁle of D
5
1 scheme with m1 = 227 kHz and
sp = 220 ns. It is calculated as the intensity of the center-band versus offset for vrf = viso + jvR.
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Fig. 3 shows the simulated excitation proﬁle, i.e. the intensity of
center-band as function of offset, for various DKN sequences. The
Fourier transform (FT) predicts that the excitation proﬁle of DKN
scheme consists of a comb of rf spikelets occurring at regular fre-
quency intervals, NmR, with respect to the carrier frequency and
that the envelope of the comb is only determined by the FT of
the individual rf pulse [20]. Fig. 3a–d show the central rf spikelet,
when mrf is close to miso. As predicted by FT, the rf spikelets are sinc
functions. Their widths do not depend on N value but are inversely
proportional to the total length, KTR, of D
K
N sequence. For instance,
the Full-Widths of Spikelets at half-maximum (FWS0.5) of D
10
1 and
D102 sequences are identical and twofold narrower than that of D
5
1
and D52 sequences. More quantitatively, we found using numerical
simulations that
FWS0:5  1:35=ðKTRÞ and FWS0:9  0:85=ðKTRÞ; ð6Þ
where FWS0.9 is the Full-Width of Spikelets at 90% of the maximum.
It must be noted that the offset-dependence behavior of the total
spectrum (not shown) is identical to that of the center band shown
in Fig. 3a–d. This means that spinning sidebands manifolds of
species excited slightly off-resonance, but sufﬁciently close to the
carrier frequency to be detected, are attenuated but that they
remain completely similar to their values recorded on-resonance,
and that they can thus be used for accurate CSA determination.
According to Eq. (6), two sites with distinct center-band frequen-
cies, m1iso and m2iso, can be excited by a D
K
N sequence when its length
satisﬁes the relation:
KoffsetTR 6 0:85= m1iso  m2iso
 ;modðNmRÞ
 
; ð7Þ
In practice, the quantity ½jm1iso  m2isoj;modðNmRÞ can be determined
from the difference in the frequencies of closest spinning sidebands
in 1D MAS spectrum excited by a single 90 pulse.
Fig. 3e shows the envelope of the total excitation proﬁle of D51
sequence, which is also a sinc function with a width inverselyproportional to sp. Here, we found that Full-Widths of the Envelop
are equal to:
FWE0:5  1:35=sp and FWE0:9  0:85=sp ð8Þ
Usual solid-state NMR spectrometer can deliver short pulses
with a length of the order of few tenths of microseconds given
the duration of transients at rising and falling edges of a rectangu-
lar pulse. Note that the duration of transients is ca. inversely pro-
portional to the Larmor frequency and hence short pulses are
more difﬁcult to achieve at low Larmor frequency, i.e. at low mag-
netic ﬁeld and/or for nuclei with low gyromagnetic ratio. Accord-
ing to Eq. (8), DKN sequences with sp = 0.5 ls are able to fully
excite MAS spectra with a breadth of 1.7 MHz without signiﬁcant
distortion. More generally, undistorted MAS spectra with a full
width of FW, can in principle be excited by a DKN sequence with a
sufﬁciently short pulse of
sp 6 0:85=FW ð9Þ
For the 19F simulations reported here, FW = 1.3 MHz and
according to Eq. (9), sp must be shorter than 0.65 ls. Another lim-
itation for the excitation arises from the probe bandwidth, FWprobe,
which is generally proportional to the Larmor frequency. In case of
broad spectra, the probe may be the limiting factor, especially at
low Larmor frequency.4.3. Nutation curves of DKN sequences
Fig. 4 shows the norm of the powder-averaged density matrix
and its projections onto Iy and Iz operators, versus htot after a D
10
N
pulse train with phase x, using a weak rf-ﬁeld of m1 = 29 kHz.
For all D10N sequences, the projection onto Ix operator is zero and
is thus not displayed. Note that magnetization decreases produced
by coherent or incoherent mechanisms, such as 19F–19F dipolar
coupling or the BSM anisotropy, were not considered in the simu-
lations. Experimentally, these losses reduce the magnetization for
increasing DKN length.
Fig. 4. Plot of c(Iy) and c(Iz) projections as well as ||hs(t)i|| Norm as function of htot at the end of D10N scheme for N = 1 (a), 2 (b), 3 (c), and 4 (d). c(Iy) and c(Iz) are calculated
according to Eq. (2) and ||hs(t)i|| according to Eq. (3). B0 = 18.8 T, mR = 60 kHz, m1 = 29 kHz, and sp = htot/(3600Nm1).
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and z components follow quasi-ideal sine and cosine functions,
respectively. This is consistent with a quasi-ideal rotation of the
magnetization about the x axis. Maximal transverse magnetiza-
tion is obtained for hopttot  90

. It is exactly hopttot ¼ 90

when the
rf-amplitude is large, e.g. m1 = 227 kHz (Fig. S2b). The nutation
effect of D101 sequence with rf ﬁeld strength as low as m1 = 29 kHz
is quasi-identical to that of an ideal rectangular pulse. These simu-
lations indicate that all pulses of a DK1 train have a cumulative
effect, which stems from their rotor-synchronization, as explained
below. The ﬁrst pulse with phase x rotates the magnetization in
the yz plane. Hence, at the end of this pulse, the components of
magnetization vector along x, y and z axes are 0, sin(htot) and
cos(htot) with htot = 2pm1sp. The subsequent free evolution causes
the dephasing of the single-quantum coherences. However,
dephasing under anisotropic interaction with second-rank orienta-
tion dependence is refocused at the end of each rotor period and
transverse magnetization points again in the y direction, which
corresponds to the formation of a rotational echo [9]. At the top
of the echo, a second pulse is applied which rotates again the
magnetization in the yz plane, decreasing the magnetization along
z axis and augmenting that along y axis. The synchronization
between the refocusing of anisotropic interaction by MAS and
the nutation of the magnetization by the rf pulses produces an
effective rotation of the magnetization about the x axis and the
thermal equilibrium density matrix is transformed by DK1 pulse
train into cos(htot)Iz + sin(htot)Iy, where now htot = 2pKm1sp. This pre-
dicted evolution is consistent with the simulations displayed in
Figs. 4a and S2b. As shown in Fig. S2a, this unitary transformation
by DK1 scheme requires the perfect rotor-synchronization of the
pulses. Indeed, in the absence of rotor-synchronization, the pulses
are not applied at the top of the rotational echo and hence the tra-
jectory of magnetization is crystallite-dependant and the norm of
powder magnetization is not conserved.
The DK1 sequence can thus be used as an excitation, an inversion
or a refocusing pulse. This has been previously shown on CeF3(Fig. 6 in Ref. [18]). However, experimentally the oscillations of
the nutation curve were damped by irreversible losses.
For N > 1 (Fig. 4b–d), the norm decreases for increasing htot and
the evolutions of c(Iy) and c(Iz) projections deviate from sine and
cosine functions. With increasing N values, (i) these deviations
increase, and the maximum in y total magnetization, c(Iy)opt,
(ii) decreases and (iii) is observed for larger htot values:
ðN; hopttot ; cðIyÞoptÞ ¼ ð1;95

; 0:95Þ; ð2;110 ;0:54Þ; ð3;125 ;0:48Þ; ð4;
155

;0:39Þ for m1 = 29 kHz and (1, 90, 1), (2, 110, 0.55), (3, 125,
0.49) and (4, 155, 0.41), for m1 = 227 kHz. Note also that for D10N
scheme with N > 1, and contrary to D101 sequence, the maximum
in y magnetization is not concomitant with the cancelation of the
z magnetization. These simulations with D10N sequences (N > 1)
indicate destructive interferences between the different pulse
trains, which stem from the absence of rotor-synchronization be-
tween the N pulse trains. For instance, in D102 sequence, the two
pulse trains are shifted by half rotor period and when the second
pulse is applied, the anisotropic interactions are not refocused.
Consequently, the direction of transverse magnetization differs be-
tween the crystallites and the second pulse does not cause the x
components of magnetization to rotate. Furthermore, the nutation
of the y component of the magnetization by the second pulse train
interferes with the refocusing of the anisotropic interaction by
MAS. Therefore, a portion of the magnetization dephased by aniso-
tropic interactions cannot be refocused at the end of the rotor per-
iod and hence does not contribute to the powder magnetization. It
has already been reported that a long rf pulse can scramble the
magnetization of the different crystallites from powder samples
when the nuclei are subject to large anisotropic interactions [40–
43]. This scrambling results in an apparent saturation of the mag-
netization of a powder sample. This phenomenon has been used for
hetero-nuclear distance measurement [40–46]. Fig. S1 shows the
build-up of powder y magnetization of D10N sequences with N > 1
over a broader interval of htot values. These build-up curves behave
as damped-sine functions and are similar to the nutation curves of
a single rectangular pulse in the presence of inhomogeneous rf
110 X. Lu et al. / Journal of Magnetic Resonance 236 (2013) 105–116ﬁeld. This analogy conﬁrms that during D10N sequences with N > 1,
the nutation of y magnetizations differs between the crystallites.
Additional simulations conﬁrm that the magnetization losses for
D10N sequences with N > 1 do not stem from insufﬁcient rf ﬁeld
strength. Indeed, the nutation curves for m1 = 227 kHz (Fig. S2)
are almost identical to those of Fig. 4 simulated with m1 = 29 kHz.
As a result, the DKN sequences (N > 1) produce efﬁcient excitation,
but are poorly efﬁcient for inversion or refocusing.
The total integral of the DKN spectrum, i.e. the sum of the integral
of all the bands, is proportional to IInorm (Eq. (4)), which is propor-
tional to c(Iy). As the integral of a given observable band is roughly
equal to the total integral divided by the number of visible bands in
the spectra, NB, the maximum intensity of each band is ca. propor-
tional to IInorm/NB if all bands have the same line-width. Further-
more, according to Eq. (5), NB is ca. inversely proportional to N,
provided FW > 2NmR, and hence the maximum intensity of each
band is ca. proportional to NIInorm. This is observable in Fig. 2,
where the relative rf center-band intensities, ICBðD14N Þ=ICBðD141 Þ,
and the NIInormðD14N Þ=NIInormðD141 Þ ratios are close, being respectively
equal to (1.16, 1.08), (1.34, 1.26), and (1.50, 1.56), for N = 2, 3, and
4, respectively. Therefore, the quantity NIInorm is a reliable estima-
tor of the relative visible-band intensities between two DKN spectra,Fig. 5. Plot of NIInorm (indicated on the ﬁgures as: IntN) as function of (a–d) K and sp or (e
and 4 (d, h). IInorm was calculated according to Eq. (4). The other simulation parametersprovided they use FW > 2NmR and the same KTR value, i.e. the same
line-width according to Eq. (6) [9].
Additional simulations were also performed to check the depen-
dence of the intensity as function of the various parameters of DKN
sequence. Fig. 5a–d shows the variation of NIInorm as function of K
and sp parameters for DKN scheme with N = 1, 2, 3 or 4, with
m1 = 29 kHz. For these N values, the corresponding DKN spectra exhi-
bit several bands in Fig. 2, FW > 2NmR, and hence NIInorm is a reliable
estimator of the band intensity. In these ﬁgures, the contour levels
are close to hyperbolae with equation sp = htot/(360KNm1) (Eq. (1)).
This dependence is conﬁrmed by changing the vertical coordinate
from sp to htot (see Fig. 5e–h). This new representation highlights
that at given N and htot values, the ymagnetization does not depend
on the K value, at least when the pulses are shorter than 0.65 ls, a
duration short enough to excite the whole powder pattern (see Eq.
(9)). Additional simulations shown in Fig. S3 with m1 = 227 kHz con-
ﬁrm that the nutation curves do not depend on rf ﬁeld strength, pro-
vided the condition given in Eq. (9) is satisﬁed. As a conclusion, the
intensity of DKN spectra only depends on htot and N values.
We further investigated by numerical simulations the variation
of the intensity of DKN spectrum for a powder as function of N values
up to 32. As expected, the evolution of magnetization versus K–h) K and htot at the end of D
K
N scheme for m1 = 29 kHz and N = 1 (a, e), 2 (b, f), 3 (c, g),
are identical to those of Fig. 2.
Fig. 6. (a–f) Plot of c(Iy) and c(Iz), as well as ||hs(t)i|| Norm as function of K at the end of DKN scheme for N = 1 (a), 2 (b), 4 (c), 8 (d), 16 (e), 32 (f); with sp = 0.5 ls and m1 = 29 kHz.
Plot of c(Iy)opt as function of Kopt (g) and h
opt
tot (h). In (g), the value of the center-band intensity is also indicated in red versus N for K
opt. (i) Plot of c(Iy), c(Iz), and ||hs(t)i|| versus K
after one rectangular resonant pulse lasting KTR. The other simulation parameters are identical to those of Fig. 2. For all sequences, c(Ix) is zero. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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continuous rectangular pulse, as the duty cycle, Nsp/TR, approaches
1 (compare Fig. 6f and i). Furthermore, for increasing N value, the
maximum in ymagnetization, c(Iy)opt, which is obtained for smaller
Kopt and larger hopttot values (see Fig. 6g and h), decreases as already
observed in Fig. 4. This decrease stems from the scrambling of the
magnetization of the different crystallites by the N pulse trains of
DKN sequence. However, it must be noted that for increasing N
value, c(Iy)opt decreases slower than 1/N and hence that the inten-
sity of each observable band, ca. c(Iy)opt/NB, increases (see Fig. 6g)
until the DKN spectrum only exhibits a single band at the carrier fre-
quency, i.e. for NP FW/(2mR) (see Eq. (5)). Therefore, in direct exci-
tation using DKN sequences, optimal sensitivity (S/N) is achieved for
N  FW/(2mR)  11, in agreement with the results displayed in
Fig. 6g. DKN spectra with N = 16 and 32 exhibit a single center band.
Similarly a resonant rectangular resonant pulse yields maximal y
magnetization for sp  2KTR (see Fig. 6i) and according to Eq. (8),
the optimized resonant rectangular pulse has a FWE0.5  0.675mR
and hence is only able to excite the center band. Furthermore,
the small Kopt values of DKN sequences associated with large N val-
ues, i.e. their short lengths, lead to further advantages in terms of
(i) sensitivity when additional coherent or incoherent mechanisms
decrease the magnetization during the pulse train, and (ii) broader
band-width to excite several different species.
According to the above simulations, the DKN sequence used for
the direct excitation of wide spectra can thus be optimized in the
following way. First, highest possible spinning speed, mR, is desir-
able since it decreases the length of DKN sequences, which reducesthe losses and broaden the rf spikelets, hence improving the
robustness to offset. Moreover, even with ultra fast spinning speed,
wide spectra exhibit a sufﬁcient number of spinning sidebands
(FW mR) for a reliable determination of the CSA parameters. Sec-
ond, high m1 amplitude delivered by probes with small diameter
rotor and high MAS frequency allows decreasing the length of DKN
sequences, which also reduces the losses and broadens the rf spik-
elets, in the same way as fast spinning speed. However, we have
demonstrated experimentally that DKN scheme with rf amplitude
as low as m1 = 29 kHz can excite 19F spectra of ca. 1.3 MHz wideness
[9]. Third, according to Eq. (9), the pulse length can be chosen as
sp max {0.85/FW, 0.85/FWprobe}, in order to excite the full spec-
tral width or at least the probe detection band-with. Indeed, short-
er sp values are not recommended as, for ﬁxed m1 value, they
lengthen the DANTE sequence, hence increasing the losses. Fourth,
an optimal S/N is achieved for N  FW/(2mR), but such condition
only excites the center band. Therefore, large N values can only
be used to determine the isotropic shifts of the different species
(if they are sufﬁciently close to the carrier frequency), but not
the CSA which requires smaller N values. Fifth, the optimal number
of rotor periods is given by
Kopt ¼ hopttot ðNÞ=ð360Nm1spÞ; ð10Þ
where the optimal ﬂip angle, hopttot , depends on N value (see Fig. 6h).
Sixth, when the spinning sidebands manifolds of chemically distinct
sites with different isotropic chemical shifts must be excited by a
single DKN scheme, the length of the DANTE sequence must fulﬁll
the relation K < Koffset = 0.85mR/[Dmiso, mod (NmR)] (see Eq. (7)),
Fig. 8. Simulated 1D 14N NMR spectra, represented over ±800 kHz, and excited by:
(a) one rectangular and resonant 90 pulse lasting 10 ms, (b) an ideal 90 pulse, (c–
f) D5N sequences (in black) with N = 1 (c), 2 (d), 3 (e), and 4 (f). In (d–f), are also
displayed in red the sum,
P5
N , of the N individual trains of D
5
N sequence. These
spectra are simulated for an isolated 14N site subject to 1st-order quadrupole
interaction with CQ = 1.18 MHz, gQ = 0.5, B0 = 18.8 T, mR = 62.5 kHz, m1 = 25 kHz,
htot = 90, and (N, sp (ls)) = (1, 2) (c), (2, 1) (d), (3, 0.67) (e) and (4, 0.5) (f). The D5N
spectra are shifted to the left in (d–f) and scaled by the factor a indicated above the
spectra. It must be noted that spectra calculated with 2nd-order quadrupole
interaction are very similar to those presented here, owing to the moderate CQ and
the large B0 values. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 7. Plot of a scaling factor as function of htot angle for m1 = 29 kHz and N = 2, 3
and 4. The a values are determined by comparison between the simulated 1D
spectra excited by D5N sequence and
P5
N sum of the N individual trains of D
5
N
sequence (see Figs. S4 and S5). The other simulation parameters are identical to
those of Fig. 2.
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when Koffset < Kopt, a choice has to be made between sensitivity
and robustness to offset. The two options are then either the acqui-
sition of a single DKN spectrum with K = K
offset and decreased efﬁ-
ciency, or the successive acquisition of the distinct spinning
sidebands patterns with optimal efﬁciency (K = Kopt). The choice be-
tween these two options depends on the longitudinal relaxation
times and the difference in isotropic shifts.
4.4. Interferences between the N pulse trains of interleaved DANTE
Up to now, mainly the total y magnetization at the end of DKN
scheme, c(Iy), has been considered. The decrease in c(Iy)opt magne-
tization for increasing N value suggests interferences between the
N interleaved time-shifted pulse trains, which compose a DKN se-
quence. However, the most relevant tool to analyze these interfer-
ences is based on the intensities of the spinning sidebands. To
perform in details this examination we have compared the simu-
lated spectra either excited by DKN sequence or the sum
PK
N
 
of
the N spectra excited by the individual time-shifted DK1 pulse trains
composing the DKN sequence. In both cases, the transverse magne-
tization was recorded with the same time origin, the beginning
of the ﬁrst pulse of DKN sequence. As shown in Figs. S4–S7, the D
5
N
and
P5
N spectra exhibit identical envelopes but the intensities of
all bands in D5N spectra are uniformly scaled down by a factor
aP 1. Fig. 7 shows the variation of a as function of htot for D5N se-
quence with N = 2, 3 or 4 and m1 = 29 kHz. For htot 6 15, a = 1.0: the
response to DKN sequences is the sum of the responses to the indi-
vidual pulse trains (see Fig. S5). For these small htot ﬂip angles,
the excitation is in the linear regime and the N pulse trains can
be considered as independent. For htot > 15, a > 1 and its value in-
creases for increasing htot angle. For instance, for htot = 90, the
intensities of D5N spectra is about 20% lower than the sum of
the individual spectra (see Fig. S4). These results indicate that: (i)
the N pulse trains of DKN sequence interfere and (ii) the response
to DKN sequence is in the non-linear regime when htot > 15. More-
over, additional simulations (see Figs. S6 and S7) show that for a
given htot ﬂip angle, the a value is weakly dependent on the rf ﬁeld
strength, and that its variations are limited to ca. 5%.
5. Simulation results for 14N
5.1. Simulation of DKN
14N 1D MAS NMR spectra
Fig. 8 shows simulated 1D MAS 14N spectra with CQ = 1.18 MHz
and gQ = 0.5, excited by one rectangular pulse or D5N sequences,with m1 = 25 kHz. In Fig. 8, contrary to Fig. 2, the sp value is not
optimized, but calculated so as to obtain htot = 90. As shown in
Fig. 8b, the spectrum excited by an ideal 90 pulse spans a fre-
quency range of FW  1.7 MHz. However, as shown in Fig. 8a, a res-
onant rectangular pulse of 10 ls excites sidebands across a width
limited to ca. 120 kHz, in agreement with Eq. (8). A D51 sequence
with sp = 2 ls is more broadband (see Fig. 8c) and excites a fre-
quency width of ca. 600 kHz, which is consistent with the FWE0.5
value given by Eq. (8). As FW exceeds 600 kHz, shorter pulses are
thus required and according to Eq. (9), sp 6 0.5 ls is essential to
excite the full spectrum. In Fig. 8, m1, K and htot parameters are
constant and hence D5N sequences with larger N values correspond
to shorter pulse lengths. For instance, sp = 0.5 ls for D54 scheme and
this sequence allows a uniform excitation of the full spectrum,
as shown by comparison of Fig. 8b, e and f. D201 scheme with
sp = 0.5 ls and htot = 90 also achieves broadband excitation of
14N spectrum (not shown).
Furthermore, similarly to those of 19F, DKN
14N spectra exhibit
envelopes that are identical to the sum of the N spectra excited
by the individual pulse trains composing the DKN sequence. How-
ever, the intensity of DKN spectra is again scaled down by a with re-
spect to that of the sum spectra,
PK
N . These a factors are similar to
those determined for 19F DKN spectra (see Fig. S4) and they conﬁrm
the interference between the N pulse trains of DKN sequence.5.2. Nutation curves of DKN sequences
Fig. 9 shows the nutation curves of DKN sequences for
14N
nucleus with CQ = 1.18 MHz, i.e. the variation of Nc(I) as function
of sp and K parameters for N = 1, 2, 3 or 4.
Fig. 9. Plot of NIInorm as function of K and sp (a–h) or K and htot (i–p) at the end of DKN scheme for m1 = 50 kHz and N = 1 (a, e, i, m), 2 (b, f, j, n), 3 (c, g, k, o), and 4 (d, h, l, p). IInorm
was calculated according to Eq. (4). In (a–d) and (i–l), only 1st-order quadrupole interaction is considered, whereas in (e–h) and (m–p), both 1st- and 2nd-order quadrupole
interactions are considered. The other simulation parameters are identical to those of Fig. 8. In (a–h), the crosses correspond to K = 10, and sp = 0.5, 0.31, 0.25, 0.22 for N = 1, 2,
3, 4, respectively.
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are similar to those for 19F nucleus (compare Fig. 9a–d, i–l with
Fig. 5). Indeed, for a given htot angle, the Nc(I) intensity does not
depend on the K parameter, provided sp is short enough to excite
the whole powder pattern (see Fig. 9i–l). Moreover, similarly to
the 19F simulations, hopttot angle for
14N DKN spectra (i) increases with
N value, conﬁrming the interference between the N pulse trains,
and (ii) does not depend on the rf ﬁeld strength (compare Figs. 9
and S8).
Simulations were also performed in the presence of both ﬁrst-
and second-order quadrupole interactions. The second contribution
contains terms with zero-, second- and fourth-rank orientation
dependences, whereas the ﬁrst one has purely a second-rank orien-
tation dependence [37]. The terms with second-rank orientation
dependence are refocused by MAS, whereas the other terms are
not. Therefore, the dephasing produced by second-order quadru-
pole interaction is not refocused by MAS, which leads to intensity
decrease for increasing length, KTR, of D
K
N sequences. However, this
decrease is small in this case of weak CQ value and high B0 ﬁeld, and
Fig. 9a–d are not very different from Fig. 9e–h. According to Eq. (10),
the Kopt value, and hence the optimal DKN length, are inversely pro-
portional to m1 for a given sp length. Therefore, high m1 rf-ﬁeld limits
the dephasing due to second-order quadrupolar interaction (com-
pare Figs. 9 and S8). Furthermore, as the second-order terms are
proportional to C2Q ð1þ g2Q=3Þ=B0, the related loss of coherence
increases at lower B0 ﬁeld and for 14N nuclei subject to larger
quadrupolar interaction. This effect is exempliﬁed in Fig. 10 show-
ing the same results as in Fig. 9, but with a doubled quadrupolarinteraction (CQ = 2.36 MHz), and hence a quadrupled second-order
quadrupole interaction. In Fig. 10, second-order quadrupole inter-
action results in more pronounced intensity decrease for increasing
K value than in Fig. 9.
5.3. Orientational selectivity of DKN sequences
The orientational selectivity of DK1 sequences was investigated
by simulating IInorm as function of the {aPL, bPL} Euler angles
describing the orientation of the efg Principal-axes system into
the Laboratory frame at the time of the ﬁrst rotational echo of
the FID. The IInorm values were averaged using three cPL angles (0,
120 and 240) since crystallites with identical {aPL, bPL} angles
but different cPL angles have different orientations with respect
to the rotor axis and hence different motions during the DK1 se-
quences. The numbers {IInorm, aPL, bPL} were plotted in spherical
coordinates with a radial distance IInorm, a polar angle, bPL, and
an azimuthal angle, aPL (see Figs. 11 and 12). Note that contrary
to the doughnut representation shown in Ref. [20], IInorm was not
weighted by sin(bPL), which is the probability distribution of crys-
tallite orientations in a powder.
The selectivity of D111 sequence was ﬁrst investigated for
14N
nucleus subject to a moderate quadrupole interaction (CQ = 1.18
MHz). For m1 = 50 kHz, the condition of Eq. (9) is valid and all crys-
tallites are excited by the short rf pulses with sp = 454 ns, even the
crystallites with bPL = 0, which are then subject to the larger quad-
rupolar splitting of DmQ = 3CQ/2. Therefore, the excitation by D111
sequence is equivalent to that by an ideal 90 pulse, IInorm = 1 for
Fig. 10. Plot of NIInorm as function of K and sp (a–h) or K and htot (i–p) at the end of DKN scheme for m1 = 50 kHz and N = 1 (a, e, i, m), 2 (b, f, j, n), 3 (c, g, k, o), and 4 (d, h, l, p). IInorm
was calculated according to Eq. (4). In (a–d) and (i–l), only 1st-order quadrupole interaction is considered, whereas in (e–h) and (m–p), both 1st- and 2nd-order quadrupole
interactions are considered. CQ = 2.36 MHz, the other simulation parameters are identical to those of Fig. 9.
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tional selectivity is nearly a sphere (see Fig. 11a). D111 sequences
with smaller rf ﬁelds, and hence longer pulses: sp > 500 ns, are
not able to excite the crystallites subject to larger quadrupolar
interaction. The expression of the quadrupolar splitting is [37]
DmQ ¼ 2jmQ j ¼ 3CQ4 j3 cos
2ðbPLÞ  1þ gQ sin2ðbPLÞ cosð2aPLÞj: ð11Þ
where mQ is the quadrupole frequency. This splitting is equal to
3CQ/2 for bPL = 0 and it cancels for bPL angles close to the magic an-
gle 54.7. For gQ = 0.5,DmQ  0 for bPL angles ranging from 49 to 63
and is equal to 9CQ/8 for {aPL, bPL} = {90, 90}. In other words, the
crystallites oriented at Euler angles bPL = 0 and {aPL, bPL} = {90,
90} are subject to large quadrupole interactions during the rf
pulses, whereas those oriented at bPL  54.7 or 180  54.7 are
subject to vanishing quadrupole interactions. Therefore, in
Fig. 11b and c, IInorm is small for bPL = 0 and {aPL, bPL} = {90, 90}
and larger for bPL  54.7. For long pulses, IInorm is smaller than 1
even for bPL  54.7 since owing to MAS, the orientations of all crys-
tallites during the pulses vary with respect to the laboratory frame.
For instance, for mR = 62.5 kHz, the rotor rotates by 20 and 40 dur-
ing a pulse lasting sp = 909 ns and 1818 ns, respectively. As the sec-
ond-order quadrupole interaction is proportional to C2Q=B0, the
similarity of Fig. 11c (B0 = 18.8 T) and Fig. 11d (B0?1) conﬁrms
that second-order quadrupole dephasings are negligible during
D111 sequence for CQ = 1.18 MHz and B0 = 18.8 T.Conversely, for larger CQ values, there are signiﬁcant losses of
coherence due to second-order quadrupole interactions during
D111 sequence (compare Fig. 12d and e) and D
11
1 sequence does
not achieve uniform excitation of all crystallites, even for short
pulses verifying the condition given by Eq. (9). For instance, in
Fig. 12b and d, sp < 0.85/FW = 240 ns for CQ = 2.36 MHz and
120 ns for CQ = 4.72 MHz, but there are crystallites with IInorm < 1
and the surfaces representing the orientational selectivity differs
from a sphere. Note also that in the presence of de-coherence
due to the second-order quadrupole interaction, IInorm differs be-
tween the orientations bPL and 180  bPL. A solution to limit the
losses due to second-order quadrupole interaction consists in using
shorter K values and hence shorter DK1 sequences. However, in
Fig. 12f, the length of the pulses does not verify the condition of
Eq. (9) and hence the D31 sequence is only able to excite the orien-
tations with bPL  54.7 or 180  54.7, for which the ﬁrst-order
quadrupole interaction is small.
For DKN sequences with NP 2, the crystallites have distinct
orientations with respect to the laboratory frame during the rf
pulses of the N trains and hence they are subject to distinct
quadrupole interactions. Therefore, the dependence of IInorm
with respect to {aPL, bPL} Euler angles is more complex and
e.g. for D112 sequence the surfaces of Fig. S9 exhibit many sharp
peaks and they look like the coat of porcupines. The comparison
between Fig. S9a and b shows that this complex
dependence does not stem from the second-order quadrupole
interaction.
Fig. 11. Plot of IInorm for a D
11
1 sequence as function of the polar angles {aPL, bPL} describing the orientation of the efg tensor into the laboratory frame. The simulations are
performed for an isolated 14N nucleus subject to both 1st- and 2nd-order quadrupole interaction with CQ = 1.18 MHz, gQ = 0.5, htot = 90, and (m1 (kHz), sp (ns), B0 (T)) = (50,
454, 18.8) (a), (25, 909, 18.8) (b), (12.5, 1818, 18.8) (c), and (12.5, 1818, 1) (d).
Fig. 12. Plot of IInorm for a D
K
1 sequence as function of the polar angles {aPL, bPL}, with htot = 90, and (CQ (MHz), m1 (kHz), sp (ns), K, B0(T)) = (2.36, 50, 454, 11, 18.8) (a), (2.36,
100, 227, 11, 18.8) (b), (4.72, 50, 454, 11, 18.8) (c), (4.72, 200, 114, 11, 18.8) (d), (4.72, 200, 114, 11, /) (e), and (4.72, 200, 416, 3, 18.8) (f). The other simulation parameters are
identical to those of Fig. 11.
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This article provides useful guidelines for the optimization of DKN
sequences used for the excitation of wide 1D spectra of spin-1/2
and spin-1 nuclei. Guidelines are also given for DKN sequences used
for refocusing or population inversion. Using numerical simula-
tions, several properties of DKN sequences have been analyzed,
including the robustness to offset, the nutation curves, the interfer-
ence between the pulse trains and the orientational selectivity.
Globally, the excitation proﬁle has a comb shape, with NmR spac-
ing between the bands from the carrier frequency, extending over a
few MHz. We have shown that rf pulses of DKN scheme must be
short enough to excite the minimum bandwidth value between
the spectrum and the probe. High MAS frequency and high rf ﬁeld
strength are required since they decrease the length of DKN scheme,
hence reducing the losses and improving the robustness to offset.
Depending on the length of the DKN pulse train, i.e. the K value,
the selectivity can be tailored and the spinning sideband manifold
of either all or only one species can thus be acquired.
An optimal sensitivity (S/N) is achieved for N  FW/(2mR), but
the DKN spectra obtained under such conditions only contain the
resonances close to the carrier frequency. Therefore, large N values
can only be used to determine the isotropic shifts if the differences
between the carrier frequency and the isotropic chemical shifts are
less than about FWS0.5.
Short DKN schemes are especially required in the presence of fast
coherence losses due to homo-nuclear dipolar or second-order
quadrupole interactions. The nutation curves of DK1 sequence are
similar to that of an ideal resonant, rectangular pulse. In particular,
this sequence allows a perfect inversion or refocusing of the longi-
tudinal magnetization. Conversely, in interleaved DANTE se-
quences with NP 2, the interferences between the N pulse trains
produce coherence losses and the optimal cumulated excitation
ﬂip angle exceeds 90. These sequences are poorly efﬁcient for
inversion or refocusing purposes. We have shown that the nutation
during DKN sequence depends on the cumulated ﬂip angle during
the NK rf pulses. Furthermore, we have also shown that the
orientational selectivity of interleaved DANTE sequences is more
complicated than that of DK1 scheme.
Acknowledgments
This work was supported by: Swiss National Science Founda-
tion (SNSF), Ecole Polytechnique Fédérale de Lausanne (EPFL),
Swiss Commission for Technology and Innovation (CTI), Fédération
de Recherche CNRS (FR-3050) Très Grands Equipements de RMN à
Très Hauts Champs (TGIR RMN THC), French contract ANR-2010-
jcjc-0811-01. X.L., J.T., O.L., and J.P.A. are grateful for funding pro-
vided by Région Nord/Pas de Calais, European Union (FEDER),
CNRS, French Ministry of Scientiﬁc Research, USTL, ENSCL, Cortec-
Net and Bruker BIOSPIN.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jmr.2013.09.003.References
[1] R.W. Schurko, eMagRes (2011).
[2] N.P. Wickramasinghe, Y. Ishii, J. Magn. Reson. 181 (2006) 233.
[3] N.P. Wickramasinghe, M.a. Shaibat, C.R. Jones, L.B. Casabianca, A.C. de Dios, J.S.
Harwood, Y. Ishii, J. Chem. Phys. 128 (2008) 052210.
[4] A.J. Pell, R.J. Clément, C.P. Grey, L. Emsley, G. Pintacuda, J. Chem. Phys. 138
(2013) 114201.
[5] I. Hung, L. Zhou, F. Pourpoint, C.P. Grey, Z. Gan, J. Am. Chem. Soc. 134 (2012)
1898.
[6] G. Kervern, G. Pintacuda, L. Emsley, Chem. Phys. Lett. 435 (2007) 157.
[7] A.J. Pell, G. Kervern, L. Emsley, M. Deschamps, D. Massiot, P.J. Grandinetti, G.
Pintacuda, J. Chem. Phys. 134 (2011) 024117.
[8] R.J. Clément, A.J. Pell, D.S. Middlemiss, F.C. Strobridge, J.K. Miller, M.S.
Whittingham, L. Emsley, C.P. Grey, G. Pintacuda, J. Am. Chem. Soc. 134
(2012) 17178.
[9] D. Carnevale, V. Vitzthum, O. Lafon, J. Trébosc, J. Amoureux, G. Bodenhausen,
Chem. Phys. Lett. 553 (2012) 68.
[10] M. Murakami, H. Arai, Y. Uchimoto, Z. Ogumi, J. Magn. Reson. 231 (2013) 66.
[11] D. Carnevale, a.J. Perez Linde, G. Bauer, G. Bodenhausen, Chem. Phys. Lett. 580
(2013) 172.
[12] G. Kervern, G. Pintacuda, Y. Zhang, E. Oldﬁeld, C. Roukoss, E. Kuntz, E.
Herdtweck, J.-M. Basset, S. Cadars, A. Lesage, C. Copéret, L. Emsley, J. Am.
Chem. Soc. 128 (2006) 13545.
[13] S. Cavadini, A. Lupulescu, S. Antonijevic, G. Bodenhausen, J. Am. Chem. Soc. 128
(2006) 7706.
[14] Z. Gan, J. Am. Chem. Soc. 128 (2006) 6040.
[15] Y. Nishiyama, Y. Endo, T. Nemoto, H. Utsumi, K. Yamauchi, K. Hioka, T. Asakura,
J. Magn. Reson. 208 (2011) 44.
[16] T.J. Bastow, M.E. Smith, Solid State Nucl. Magn. Reson. 1 (1992) 165.
[17] D. Massiot, I. Farnan, N. Gautier, D. Trumeau, A. Trokiner, J.P. Coutures, Solid
State Nucl. Magn. Reson. 4 (1995) 241.
[18] L.A. O’Dell, R.W. Schurko, Chem. Phys. Lett. 464 (2008) 97.
[19] L.A. O’Dell, R.W. Schurko, J. Am. Chem. Soc. 131 (2009) 6658.
[20] V. Vitzthum, M. a Caporini, S. Ulzega, J. Trébosc, O. Lafon, J.-P. Amoureux, G.
Bodenhausen, J. Magn. Reson. 223 (2012) 228.
[21] V. Vitzthum, M.A. Caporini, S. Ulzega, G. Bodenhausen, J. Magn. Reson. 212
(2011) 234.
[22] T. Giavani, H. Bildsøe, J. Skibsted, H.J. Jakobsen, J. Magn. Reson. 166 (2004) 262.
[23] L.A. O’Dell, R.W. Schurko, K.J. Harris, J. Autschbach, C.I. Ratcliffe, J. Am. Chem.
Soc. (2010) 527.
[24] A.L. Webber, S. Masiero, S. Pieraccini, J.C. Burley, A.S. Tatton, D. Iuga, T.N. Pham,
G.P. Spada, S.P. Brown, J. Am. Chem. Soc. 133 (2011) 19777.
[25] Z. Gan, J. Magn. Reson. 184 (2007) 39.
[26] H.E. Rhodes, P.-K. Wang, T. Stokes, C.P. Slichter, J.H. Sinfelt, Phys. Rev. B 26
(1982) 3559.
[27] A.W. MacGregor, L.A. O’Dell, R.W. Schurko, J. Magn. Reson. 208 (2011) 103.
[28] G. Bodenhausen, R. Freeman, G.A. Morris, J. Magn. Reson. 23 (1976) 171.
[29] P. Caravatti, G. Bodenhausen, R.R. Ernst, J. Magn. Reson. 103 (1983) 88.
[30] D. Wei, U. Akbey, B. Paaske, H. Oschkinat, B. Reif, M. Bjerring, N.C. Nielsen, J.
Phys. Chem. Lett. 2 (2011) 1289.
[31] M. Bak, J.T. Rasmussen, N.C. Nielsen, J. Magn. Reson. 147 (2000) 296.
[32] M. Alla, E. Lippmaa, Chem. Phys. Lett. 87 (1982) 30.
[33] A. Nayeem, J.P. Yesinowski, J. Chem. Phys. 89 (1988) 4600.
[34] A.R. Brough, C.P. Grey, C.M. Dobson, J. Am. Chem. Soc. 115 (1993) 7318.
[35] C.A. McDowell, A. Naito, D.L. Sastry, K. Takegoshi, J. Magn. Reson. 69 (1986)
283.
[36] A.S. Tatton, T.N. Pham, F.G. Vogt, D. Iuga, A.J. Edwards, S.P. Brown,
CrystEngComm 14 (2012) 2654.
[37] S.E. Ashbrook, S. Wimperis, eMagRes (2009).
[38] C. Fernandez, M. Pruski, Top. Curr. Chem. 306 (2012) 119.
[39] M. Bak, N.C. Nielsen, J. Magn. Reson. 125 (1997) 132.
[40] K. Schmidt-Rohr, J.-D. Mao, J. Magn. Reson. 359 (2002) 403.
[41] X. Lu, O. Lafon, J. Trébosc, J.-P. Amoureux, J. Magn. Reson. 215 (2012) 34.
[42] E. Nimerovsky, A. Goldbourt, J. Magn. Reson. 225 (2012) 130.
[43] Z. Gan, Chem. Commun. (2006) 4712.
[44] L. Chen, Q. Wang, B. Hu, O. Lafon, J. Trébosc, F. Deng, J.-P. Amoureux, Phys.
Chem. Chem. Phys. 12 (2010) 9395.
[45] L. Chen, X. Lu, Q. Wang, O. Lafon, J. Trébosc, F. Deng, J.-P. Amoureux, J. Magn.
Reson. 206 (2010) 269.
[46] F. Pourpoint, J. Trébosc, R.M. Gauvin, Q. Wang, O. Lafon, F. Deng, J.-P.
Amoureux, ChemPhysChem 13 (2012) 3605.
